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Nitrogen doped BaSi2 layers are grown on high-resistivity n-Si (111) substrates by molecular 
beam epitaxy using a radio-frequency nitrogen plasma. The nitrogen concentration measured 
by secondary ion mass spectrometry is homogeneous throughout the grown layers. The carrier 
concentration is measured by Hall measurement using the van der Pauw method. 
Nitrogen-doped BaSi2 shows n- or p-type conductivity, depending on the intensity of nitrogen 
plasma. The hole concentration is of the order of 10161017 cm-3 at room temperature. The 
acceptor level is estimated to be approximately 64 meV from the temperature dependence of 
hole concentration. The temperature dependence of resistivity is explained by variable-range 
hopping conduction in p-BaSi2. First-principle calculation suggests that the nitrogen atoms are 
most likely to occupy the interstitial site in BaSi2.  
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1. Introduction  
Thin-film solar cell materials such as cadmium telluride and chalcopyrite have attracted more 
and more attention over the last few years, because of their high efficiency and low cost [1-4]. 
Perovskite solar cells are also attracting increasing attention owing to their high conversion 
efficiency exceeding 20% and simple fabrication process [5,6]. However, these cells contain 
expensive and/or toxic elements. As an alternative, we have focused on the semiconductor 
barium disilicide (BaSi2), which consists of only abundant elements [7,8]. BaSi2 has many 
attractive features for thin-film solar cell applications from the view point of the band gap (ca. 
1.3 eV), high absorption coefficients comparable to chalcopyrites, inactive grain boundaries, 
superior minority-carrier diffusion length and lifetime [9-11]. Very recently, we achieved a 
conversion efficiency approaching 10% with p-BaSi2/n-Si heterojunction solar cells [12-14]. 
Other types of solar cells such as BaSi2 nanowires and BaSi2/perovskite stacked layers have 
also been proposed [15,16] 
 Towards BaSi2 homojunction solar cells, control of the conductivity of BaSi2 by 
impurity doping is a requirement. There have been several experiments on impurity-doped 
BaSi2; BaSi2 films doped with a group 13 (15) element such as B, Al, or In (As, P, or Sb) 
show p- (n-) type conductivity [17-22]. As for p-BaSi2, hole concentrations can only be 
controlled over a wide range between 1016 and 1020 cm-3 by B doping. In contrast, electron 
concentrations can be controlled over a relatively wide range by P or Sb doping. These results 
are understood as follows. The valence band maximum of BaSi2 consists mainly of the Si p 
states from hard x-ray photoelectron spectroscopy [23] and first-principle calculations [24-28]. 
According to theoretical calculations, substitution of Si in the BaSi2 lattice is more favorable 
than substitution of Ba, from an energetic point of view [29]. Hence, the replacement of some 
Si atoms in BaSi2 by a group 13 (15) element decreases (increases) the valence electron 
concentration and causes BaSi2 to become a p- (n-) type semiconductor. The conductivity type 
of impurity-doped BaSi2 is well estimated by the calculated position of the Fermi level, EF 
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[11,29]. However, there has been no study about nitrogen (N) doped BaSi2. N is a group 15 
element. In crystalline Si, N is not used as a dopant because it induces deep levels in the 
forbidden band gap [30-32]. In this paper, we grew N-doped BaSi2 films on Si(111) substrates 
by molecular beam epitaxy (MBE), and investigated the electrical properties of the films. 
First-principle calculations were also performed to find the position of the EF, and which site 
the N atom is most likely to occupy in the lattice.  
 
2. Experiment 
2.1 Formation of N-doped BaSi2 films 
An ion-pumped MBE system equipped with a standard Knudsen cell for Ba, an electron-beam 
evaporation source for Si, and a radio-frequency (RF) high-purity (6N) N2 plasma was used. 
High-resistivity float-zone (FZ) n-type Si (111) substrates (resistivity ρ > 1000 Ωcm) were 
used. After thermal cleaning of the substrate, we first deposited Ba on the Si (111) substrate at 
500 °C to form a 5 nm-thick BaSi2 template layer by reactive deposition epitaxy. The 
template works as seeds for controlling the crystal orientation of BaSi2 overlayers [33]. Next, 
we codeposited Ba and Si on the template at 580 °C with the simultaneous supply of N source 
for 2 h to form N-doped BaSi2 by MBE. After MBE growth, approximately 3 nm-thick 
amorphous Si was deposited on the BaSi2 films to prevent oxidization [34]. During the MBE 
growth, the RF power was set to 50 or 70 W. Figure 1 shows examples of the emission 
spectra of nitrogen plasma obtained at 50 and 70 W, measured by a spectrometer (QE Pro; 
Ocean Optics). In the nitrogen plasma, many kinds of species exist, such as 1st excited neutral 
N2, higher excited neutral N2, N2+ ions, atomic N and so on. There are three regions in the 
spectrum. According to Ref. [35], the emissions in the wavelength λ ranging from 700to 800 
nm correspond to the atomic N. Among them, we used the emission intensity at λ = 746 nm, 
IN, as a measure of the supply of atomic N, and varied IN from 420 to 1100 counts. Nitrogen 
ions were eliminated by applying bias voltages to the plasma generator. Sample preparation 
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details are shown in Table 1.  
 The crystalline quality of grown films was characterized by reflection high-energy 
electron diffraction (RHEED) along the Si[11 2 ] azimuth, and X-ray diffraction (XRD) using 
Cu Kα radiation. A Ge (220) single crystal was used to make the incident X-rays 
monochromatic. We measured ω-scan X-ray rocking curves to obtain full width at half 
maximum (FWHM) of a BaSi2 (600) diffraction peak intensity to represent its crystal quality. 
The electrical properties of N-doped BaSi2 were measured by Hall measurement using the van 
der Pauw method with an applied magnetic field of 0.70 T. The temperature dependences of 
carrier concentration and mobility were measured using a closed-cycle He cryostat. The depth 
profile of N atoms was characterized by secondary ion mass spectrometry (SIMS) using O2 
ions.  
 
2.2 N doping by first-principle calculation  
Total energies of N-doped BaSi2 and their densities of states (DOSs) were calculated using the 
Vienna Ab initio Simulation Package code [36] based on density-functional theory with the 
projector-augmented wave pseudopotential [37] and Perdew-Wang Generalized Gradient 
Approximation method [38]. Total energy minimization was obtained via optimization of the 
lattice parameters and relaxation of the atomic positions in a conjugate gradient routine. Using 
an energy cutoff of 600 eV and a 6 × 8 × 4 grid of Monkhorst–Pack points, the convergence 
in the total energy was better than 1 meV/atom [39]. The stoichiometric description of the unit 
cell is Ba8Si16. In each BaSi2 unit cell, there are two crystallographically inequivalent sites for 
Ba (Ba(1) and Ba(2)) and three inequivalent sites for Si (Si(3), Si(4), and Si(5)). Therefore the 
atoms are distributed over 4Ba(1), 4Ba(2), 4Si(3), 4Si(4), and 8Si(5). Hereafter, we describe the 
N-doped BaSi2 as Ba7N(1)Si16, in which one of the Ba(1) sites is substituted with N, or 
Ba8N(3)Si15, in which one of the Si(3) sites is substituted with N. There are 16 candidate 
interstitial sites in the BaSi2 lattice. According to Imai and Watanabe [29], the most probable 
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insertion sites are the 4c sites, where an impurity atom is surrounded by three Si atoms, one 
located at a corner of one Si-tetrahedron and the other two composing an edge of the other 
Si-tetrahedron. Thus, we chose one of the 4c sites, the fractional coordinate of which is 
(0.5841, 0.25, 0.2251). This compound is described as Ba8Si16N. The calculated total energies 
of these compounds are summarized in Table 2. Energetic evaluation of possible interstitial 
compound formation of BaSi2 was reported in ref. [40].  
 
3. Results and discussion 
The θ-2θ XRD patterns of samples B, E, F, and G are shown in Fig. 2. The values of IN were 
varied as 611, 655, 780, and 1097 counts, respectively. The diffraction peaks of only 
(100)-oriented BaSi2 and streaky RHEED patterns are observed at IN = 611 (sample B) and 
655 counts (sample E), indicating that N-doped BaSi2 films were epitaxially grown. Similar 
results were obtained for samples A, C, and D. With increasing IN, however, the spotty 
RHEED pattern appears in sample F. This means that the surface of N-doped BaSi2 became 
rough. When the IN is increased much further in sample G, the RHEED pattern becomes faint. 
The FWHM values obtained from an ω–scan x-ray rocking curve using a BaSi2(600) 
diffraction peak are shown in Fig. 3. They are comparable to those of approximately 100 
nm-thick undoped BaSi2 [41] when the IN is equal to 655 counts or smaller. When the IN 
increases further to 780 counts in sample F, the FWHM becomes higher than 0.7 deg, 
meaning that the crystalline quality was degraded.  
 Figure 4 shows the SIMS depth profiles of N atoms in samples E and H. The plasma 
power was set differently. The N atom is almost homogeneously distributed throughout the 
grown layers regardless of plasma power. The N concentration is approximately 2 × 1020 cm-3. 
Figure 5 shows the IN dependences of carrier concentration and mobility of N-doped BaSi2 
measured at room temperature (RT). The electron concentration and the electron mobility of 
undoped n-BaSi2 are approximately 2 × 1016cm-3 [42] and 820 cm2/Vs [43], respectively. At 
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IN equal to 655 counts or smaller, the N-doped BaSi2 showed p-type conductivity, which 
differs from our prediction. The hole concentration was of the order of 10161017 cm-3, 
independently of IN. The hole mobility was as small as tens of cm2/Vs. This value is 
comparable to B-doped BaSi2 [44]. On the other hand, when the IN was equal to 780 counts or 
higher, N-doped BaSi2 became an n-type semiconductor. Note here that the mobility jumped 
into more than 1000 cm2/Vs. Such a high electron mobility can be expected for electrons 
flowing through the high-ρ FZ n-Si(111) substrate used in this work [45]. Due to a small 
electron affinity of BaSi2 (3.2 eV) [46], the electron accumulation is likely to occur in the n-Si 
side near the n-BaSi2/n-Si heterointerface if the N-doped BaSi2 becomes an n-type 
semiconductor. We therefore can state that the electron concentrations shown in Fig. 5 were 
not correctly measured by the Hall measurement. Hence, we focus on the electrical properties 
of p-type BaSi2 afterwards. 
 We next discuss the acceptor level EA in p-BaSi2. We fit the temperature dependence 
of the hole concentration, p, shown in Fig. 6(a) with Eq. (1).  
                          )
2
e x p ()(
B
A
1
Tk
E
NTp  .       (1) 
Here, T is the absolute temperature, kB is the Boltzmann constant, and N1 is the density of 
level EA. The obtained EA and N1 were approximately 64 meV and 5 × 1018 cm-3, respectively.  
The value of 5 × 1018 cm-3 is approximately 40 times smaller than the N concentration (2 × 
1020 cm-3) in sample E, shown in Fig. 4. Hence, we speculate that most of the N atoms are not 
electrically active in the BaSi2 probably because they exist in the form of N2 molecules. 
Figure 6(b) shows the temperature dependence of hole mobility, μ. The mobility reached a 
maximum of 1025 cm2/Vs at 60 K, and decreased with increasing temperature, indicating that 
the hole mobility was affected by lattice scattering. The inserted solid line is expressed by the 
relation
5.1T . The conduction mechanism can be investigated from the temperature 
dependence of resistivity ρ. In general, at low temperatures, carriers in a system having 
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disorder caused by, for example, impurity doping are thought to hop from one impurity atom 
to the next, and the Coulomb potential around the impurity atom is overcome by means of 
thermal energy. The conductivity in such a system is determined by a hopping transport, 
where ρ has been found to follow the law,  
     
)2(,log
1
* q
T
T 




 
where T* is the characteristic temperature, and q is the parameter determining the Mott-type 
(q=2) or the Shklovskii-Efros (SE) type (q=4) variable-range hopping (VRH) conduction 
[47,48]. Figure 6(c) shows the logarithmic dependence of ρ on both 1/T1/2 and 1/T1/4 for 
N-doped BaSi2, sample E. The linear behavior evident indicates that the carrier transport in 
the film can be explained by VRH conduction at lower temperatures. We cannot say for 
certain at present which of the SE-type or the Mott-type VRH conduction better describes the 
film properties. On the basis of these results, we conclude that VRH conductions occur in 
N-doped p-BaSi2. The temperature dependence of resistivity in Ga-, Al-, Ag-, or Cu-doped 
BaSi2 is also well explained by both Shklovskii-Efros-type and Mott-type VRH conduction 
[49].  
 We finally discuss the N site in the BaSi2 lattice. It is hard to explain the p-type 
conductivity of N-doped BaSi2. This is because the replacement of some Si atoms in BaSi2 by 
N atoms increases the valence electron concentration and may cause BaSi2 to become an 
n-type semiconductor. Table 2 summarizes the calculated total energies of Ba7N(1)Si16, 
Ba8N(3)Si15, and Ba8Si16N. The energy differences between Ba7N(1)Si16 and Ba7N(2)Si16 and 
between Ba8N(3)Si15, Ba8N(4)Si15, and Ba8N(5)Si15 are small. Hence, we chose one Ba(1) site for 
Ba substitution, and one Si(3) site for Si substitution in this article although there are another 
Ba site, Ba(2), and the other two Si sites, Si(4) and Si(5), in Ba8Si16. The total energy after 
impurity doping is calculated using the binding energies of the optimized structures as 
follows: for one N atom replacing one Ba atom at the Ba(1) site, the total energy of Ba7N(1)Si16 
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+ Ba is given by 132.188  1.912 = 134.100 eV. In the same way, the total energy of 
Ba8N(3)Si15 and Ba8Si16N are calculated to be 141.279 and 141.932 eV, respectively. From 
an energetic point of view, these results imply that the N atom is most likely to occupy the 
interstitial 4c site. Figure 7 shows the total DOSs of Ba7N(1)Si16, Ba8N(3)Si15, and Ba8Si16N, 
where their EF’s represent the energy zero. The EF is located in the conduction band of 
Ba8N(3)Si15 and there is no localized states within the band gap as shown in Fig. 7(b), 
suggesting that Ba8N(3)Si15 is an n-type semiconductor as expected. In contract, localized 
states exist in the forbidden band gap above the valence band edge in Ba7N(1)Si16 and 
Ba8Si16N, as shown in Fig. 7(a)(c), respectively. From the energetic point of view, Ba8Si16N is 
mostly likely to occur in N-doped BaSi2 as discussed above. We speculate that that’s why the 
hopping transport occurs in N-doped p-BaSi2. On the basis of these results, N is not a proper 
dopant for BaSi2. Now that we have finished the investigation of availability of group 15 
elements (N, P, As, and Sb) as a dopant for BaSi2, we conclude that Sb or P is suitable for 
n-type BaSi2.  
 
4. Conclusion 
We have grown N-doped BaSi2 epitaxial films on high-resistivity n-type Si (111) substrates 
by MBE. N-doped BaSi2 exhibited the n-type or p-type conductivity depending on the plasma 
intensity. The hole concentration was of the order of 101617 cm-3 at RT, and the acceptor 
level was approximately 64 meV from the temperature dependence of hole concentration. The 
hole transport was explained by the VRH conduction at low temperatures. First-principle 
calculations by VASP predicted that the N atom is mostly likely to occupy the interstitial 4c 
site rather than the substitutional site.  
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Figure captions 
Fig. 1 Emission spectra of nitrogen plasma set at 50 and 70 W.  
 
Fig. 2 Examples of θ-2θ XRD and RHEED patterns observed along the Si[11 2 ] azimuth of 
samples B, E, F, and G. The asterisk (*) indicates the diffraction of the substrate used.  
 
Fig. 3 Plasma intensity dependence of FWHM values obtained from an ω–scan XRD rocking 
curve using a BaSi2(600) diffraction peak intensity.  
 
Fig.4 SIMS depth profiles of N atoms in samples E and H grown at 70 and 50 W, 
respectively. 
 
Fig. 5 Plasma intensity dependences of carrier concentration and mobility measured at RT.  
 
Fig. 6 (a) Arrhenius plot of hole concentration, (b) temperature dependence of hole mobility, 
and (c) logarithmic dependence of resistivity on 1/T1/2 and 1/T1/4. Solid line in (b) and dotted 
lines in (c) are a guide to the eyes. 
  
Fig. 7 Total DOSs of (a) Ba7N(1)Si16, (b) Ba8N(3)Si15, and (c) Ba8Si16N.  
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Table 1 RF power, plasma intensity IN, BaSi2 layer thickness, and carrier concentration are 
indicated. 
Sample 
RF power 
(W) 
IN  
(counts) 
Thickness
(nm) 
Carrier 
concentration (cm-
3) 
A 70  194    p = 3.6 × 1016 
B 70   p = 2 × 1017
C 70   p = 3.8 × 1016
D 70   p = 2.3 × 1016
E 70   p = 3.3 × 1017
F 70   n = 6.8 × 1015
G 70   n = 4.7 × 1015
H 50   p = 3.9×1015
 
 
 
 
 
 
 
 
1 
 
Table 2. Calculated electronic energies for N-doped BaSi2. 
Compound       
Total energy 
(eV) 
8Ba + 16Si  Ba8Si16 133.696 [12] 
Ba8Si16 + N  Ba7N(1)Si16 + Ba 
134.100 
(132.1881.912)
Ba8Si16 + N  Ba8N(3)Si15 + Si 141.279 
(135.8625.417) 
Ba8Si16 + N  Ba8Si16N 141.932 
 
 
 
 
 
 
 
 
 
